Objectives: The aim of this study was to investigate relatedness and molecular mechanism(s) of ertapenem resistance in clinical isolates of Klebsiella spp. (n528) and Enterobacter spp. (n527) referred from multiple hospitals to the UK national reference laboratory.
Introduction
Carbapenems are frequently the only therapeutic options available for treatment of severe hospital or community-acquired infections caused by multiresistant AmpC-or extended-spectrum b-lactamase (ESBL)-producing Enterobacteriaceae. It is therefore disturbing that universal susceptibility to carbapenems in Enterobacteriaceae is no longer guaranteed; rather, carbapenem resistance can arise through the production of acquired metallo-b-lactamases (MBLs) such as VIM and IMP, or non-metallo-carbapenemases of the IMI/NMC, SME, OXA or KPC families. 1, 2 Resistance can also arise when carbapenem accumulation is reduced in strains already producing ESBLs or AmpC b-lactamases. Thus, previous studies of sporadic ertapenem-resistant isolates have identified alterations or losses of major non-specific porins in Klebsiella pneumoniae, 3, 4 Escherichia coli, 5 Enterobacter cloacae 6 and Enterobacter aerogenes, as well as suggestions of increased efflux activity. 6 A review of 171 clinical ertapenem-resistant Klebsiella and Enterobacter spp. isolates submitted to the UK reference laboratory between June 2004 and April 2006 found that very few had true carbapenemases. Rather, most had ESBLs or AmpC production combined with impermeability. 7 Although still rare in surveys, such isolates are increasingly referred.
The present study examined a wide collection of ertapenemresistant Klebsiella and Enterobacter isolates, seeking to evaluate their genetic relationships and to investigate the relative contributions of impermeability, efflux and b-lactamase to their resistance, along with the molecular mechanism underlying impermeability.
Materials and methods

Strains and antimicrobial susceptibility testing
The clinical isolates of Klebsiella spp. (n¼ 28) and Enterobacter spp. (n¼ 27) were from 20 and 21 different UK microbiology laboratories, respectively, comprising 35 different sites in total; they were chosen from among clinical reference submissions received between April 2006 and March 2007 on the basis of ertapenem MICs4 mg/L, except for two Enterobacter isolates with MICs of 1 and 2 mg/L. Isolates included E. cloacae (n¼ 19), E. aerogenes (n¼ 8) and K. pneumoniae (n¼ 28). MICs were determined by BSAC agar dilution methodology or by Etest and, except for the higher ertapenem 'breakpoint', were interpreted in accordance with BSAC and the European Committee on Antimicrobial Susceptibility Testing (EUCAST) guidelines. K. pneumoniae strains ATCC 13883 and K20 (Table 3 ) and E. cloacae NCTC 10005 were used as carbapenem-susceptible controls for RT-PCR and outer membrane protein (OMP) extraction experiments. E. cloacae strains E684 and E684-con were used as inducible and derepressed controls of AmpC activity. 8 To investigate efflux, carbapenem MICs were determined by Etest on Mueller -Hinton agar containing 100 mg/L phenylalanine-arginine-b-naphthylamide (PAbN).
Screening tests for b-lactamases
MBLs belonging to the IMP, VIM, GIM, SPM and SIM families; 9 CTX-M enzymes of groups 1, 2, 8, 9 and 25; 10 plasmidic ampC genes of the ACC, CIT, DHA, ENT/EBC, FOX and MOX groups, 11 KPC carbapenemase, 12 TEM and SHV b-lactamases were sought by previously described PCR methods.
13,14 b-Lactamase genes from representative isolates were sequenced by the dideoxy chaintermination method using a Beckman CEQ 8000 Genetic Analysis System (Beckman Coulter, High Wycombe, UK). Sequences were edited with Bionumerics software (Applied Maths, Kortrijk, Belgium).
PFGE
Macrorestriction PFGE analysis of XbaI-digested genomic DNA was done by a previously described procedure. 15 Electrophoresis was for 30 h at 128C with pulse times ranging from 5 to 35 s at 6 V/cm. Patterns were analysed using Bionumerics software to generate a dendrogram based on the unweighted pair group method with an arithmetic average from the Dice coefficient.
Examination of porin genes and porin expression
The coding sequences of (i) ompK35 and ompK36 from K. pneumoniae, (ii) ompC and ompF from E. cloacae, and (iii) omp36 from E. aerogenes, all with their respective promoter regions, and also (iv) a 1021 bp fragment from the open reading frame (ORF) of E. aerogenes omp35, were amplified using the primers listed in Table 1 and sequenced as above. OMPs were isolated according to the rapid procedure of Carlone et al., 16 then boiled in the presence of 6 M urea before SDS-PAGE in gels containing 12% acrylamide, 0.35% bisacrylamide and 0.1% SDS.
Analysis of gene expression
Analysis of mRNA was performed by RT-PCR. Total RNA was extracted using the RNeasy-kit (Qiagen, Crowley, UK) and treated with RNase-free DNase (Invitrogen, Paisley, UK). RT-PCR was then performed in a LightCycler (Roche, Burgess Hill, UK) using the one-step QuantiFast SYBR Green RT-PCR Kit (Qiagen) according to the manufacturer's protocols. The mRNA of the housekeeping rpoB gene was chosen as the endogenous reference RNA for relative quantification. Relative quantities of mRNA from each gene of interest were determined by the comparative threshold cycle method (C T ), where the C T value was defined as the number of cycles needed for the fluorescence, which reflects the quantity of amplified RNA, to exceed a value of 0. The magnitude of expression (DC T ) of the gene of interest was then obtained by normalization against the housekeeping rpoB gene, to correct for variation in RNA content and amplification efficiency between samples. The equation 2
2DDCT
, where DDC T ¼ DC T-target 2DC T-reference , then allowed the relative quantification of differences in gene expression levels between two strains, in our case ertapenem-resistant (target) and -susceptible (reference) strains. 17 Primers to examine gene expression of ompK35, ompK36, ompK37, acrB, phoE, ompC, ompF and ampC were designed in conserved DNA regions based on the sequences obtained from this study and those available in public databases ( Table 1 ). All amplifications were carried out in triplicate from three different RNA preparations in a total volume of 20 mL, comprising 10-15 ng of RNA and 10 pmol of each primer. Expression level values are a mean of the three independent experiments. Negative controls without RT were performed to detect DNA contamination in the purified RNA.
Construction of plasmid bearing ompK35, ompK36 and ompC
To examine the contribution of porin loss to ertapenem resistance, plasmids encoding functional OmpK35, OmpK36, OmpC and OmpF were constructed. The SmaI-KpnI fragment harbouring the xSm/Sp cassette in pHRP317 18 was first replaced by the NruI-KpnI fragment of pSHA4 19 containing the potassium tellurite resistance cassette (TeR) to generate p317tel. The HindIII fragment of p317tel carrying this TeR cassette and the flanking multicloning site was then isolated and ligated to the HindIII fragment of pSHA4 containing the origin of replication and a chloramphenicol resistance cassette yielding pTR. Internal-site primers in (i) the ompK35-flanking asparaginyl-tRNA synthetase and aspartate aminotransferase coding genes and (ii) ompK36-flanking thiamine biosynthesis lipoprotein and the putative two-component system sensor kinase coding genes were then used to amplify ompK35 and ompK36, respectively, both still under regulation by their native promoter regions. Genomic DNA from K. pneumoniae strain ATCC 13883 was used as a template ( Table 1 ). The resulting amplicons were cloned, blunt-ended, in the NruI site of pTR, generating pTRompK35 and pTRompK36. The E. cloacae NCTC 10005 ompC and ompF genes, under the control of their native promoters, were amplified similarly, using the primers listed in Table 1 , and cloned into pTR as SacI-SphI or NruI blunt-ended fragments, yielding pTRompC and pTRompF.
For complementation, competent cells of clinical isolates were prepared according to standard methods, and plasmids were introduced by electroporation as described in the manufacturer's protocol using a GenePulser Electroporator (Bio-Rad, Hemel Hempstead, UK). Transformants were selected on Luria-Bertani agar containing 30 mg/L of potassium tellurite.
Results
Genetic diversity
The 28 ertapenem-resistant Klebsiella spp. and 27 Enterobacter spp. isolates, referred from 35 UK microbiology laboratories, were examined by PFGE of XbaI-digested DNA. Twelve of the 28 Klebsiella spp. isolates divided into five groups, each comprising two or three isolates from different laboratories, with .85% DNA similarity, along with 16 diverse isolates ( Figure 1 ). Among the Enterobacter spp. isolates, only two pairs of related isolates were identified, each from a single hospital site ( Figure 1 ). We concluded that most ertapenem-resistant isolates were diverse and that emerging resistance was not due to the dissemination of national clones.
Carbapenem susceptibility and b-lactamase expression
Carbapenem MIC distributions for the isolates studied are shown in Table 2 . Ertapenem resistance tended to be greater in Klebsiella spp. than that in Enterobacter spp. MICs of imipenem and meropenem were raised compared with these for typical isolates, with this effect most pronounced for isolates with highlevel ertapenem resistance (MICs .16 mg/L). Imipenem and meropenem often remained moderately active against isolates with low-level ertapenem resistance, with MICs below EUCAST's 2 mg/L susceptible/intermediate breakpoints.
All 28 Klebsiella spp. isolates produced both TEM-and SHV-type enzymes and 27 had CTX-M ESBLs (25 had CTX-M group 1 types, 1 had CTX-M group 9 and 1 had both group 1 and 9 enzymes). None had a defined carbapenemase or plasmidic AmpC b-lactamase amplified by PCR. All the 27 Enterobacter spp. isolates produced TEM-type enzymes, but lacked metallo-or plasmidic AmpC-type b-lactamases, though most or all had chromosomal AmpC enzymes. One produced a KPC carbapenemase, seven had genes encoding SHV enzymes, one had a CTX-M group 9 enzyme and one harboured the genes encoding both SHV and CTX-M group 9 enzymes. Nine K. pneumoniae, five E. cloacae and two E. aerogenes isolates, with ertapenem MICs from 4 to .16 mg/L, were used in further investigations (Table 3) . Sequence analysis identified TEM-1, SHV-1/28, SHV-11, CTX-M-15 or CTX-M-33 variants among the K. pneumoniae isolates, and TEM-1, SHV-12 or KPC-4 in the Enterobacter spp. isolates (Table 3 ). The expression of ampC in the five E. cloacae isolates was analysed by RNA extraction and RT-PCR-specific amplification. The AmpC inducible strain E. cloacae E684 and its high-level AmpC constitutive Table 1 . Primers used in this study
Underlining indicates the SphI and SacI restriction sites introduced for cloning.
mutant E684-con were used as controls, with RT-PCR analysis showing a 40-fold increased level of ampC mRNA in the latter.
Enterobacter isolates E1 and E11 had 20-and 11-fold higher levels of ampC transcription than E684, whereas levels were similar to those of E684 in isolates E2, E24 and E25. In summary, all these K. pneumoniae and E. cloacae isolates, except E24, had either derepressed AmpC, KPC-4 or an ESBL. The elevated cephalosporin MICs for isolate K3 may not be attributed to the hydrolytic activity of TEM-1 and SHV-11 enzymes; the presence of an additional b-lactamase cannot be excluded.
Ertapenem resistance and efflux activity
The presence of 100 mg/L PAbN did not affect the growth of any of the 16 isolates studied and had no significant effect on carbapenem MICs, which were reduced by 2-fold. These data contraindicated efflux as a component in ertapenem resistance. Moreover, analysis of acrB expression by RT-PCR consistently revealed levels equal to those in carbapenem-susceptible K. pneumoniae ATCC 13883 and E. cloacae NCTC 10005 control strains.
Ertapenem resistance and impermeability K. pneumoniae. SDS-PAGE analysis showed that the nine K. pneumoniae isolates examined lacked both OmpK35 and OmpK36 porins, but retained normal levels of OmpA, a structural protein (data not shown). Sequencing of the corresponding porin genes revealed various lesions. Point mutations predicted to result in early termination of translation or insertion sequences (ISs) interrupting the coding sequence of ompK36 were identified in eight isolates, whilst the ompK36 gene of the remaining isolate, K4, did not amplify, indicating either that mutations were present in the primer binding sites or that the DNA had been deleted (Table 4) . Sequencing of ompK36 amplified from the parent carbapenem-susceptible isolate K20 confirmed only the acquisition of the IS1 insertion in the resistant isolate K21. Sequencing of ompK35 similarly revealed diverse types of disruption in seven of the nine isolates (the exceptions being isolates K3 and K21), including point mutations or the presence of ISs such as IS1 and IS10. In isolate K2, IS1 was inserted at the ATG start codon and, in K12, eight nucleotides upstream; in both cases, the result was to delete the ribosome binding site. The same insertion was located at the end of the ORF in isolates K6, K8 and K9, resulting in a truncated porin lacking the last 10 amino acids, which includes a phenylalanine residue necessary for the insertion of porin into the outer membrane. 20 Sequencing did not identify any lesion in the coding sequence or the promoter region for OmpK35 in isolates K3 and K21; moreover, mRNA levels for ompK35 in these two isolates were similar to those in the carbapenem-susceptible control isolates. Nevertheless, the porin itself was absent from the outer membrane, possibly indicating a failure of translation or a membrane change that precluded insertion.
A postulated association between loss of major porins and overexpression of the minor porins OmpK37 and PhoE was examined by RT -PCR. The results showed similar levels of mRNA for these minor porins in both ertapenem-resistant and -susceptible control isolates, discounting the hypothesis.
E. cloacae. SDS -PAGE analysis for E. cloacae revealed diverse OMP profiles among the five isolates studied (Figure 2 ): E11 and E24 lacked both OmpC and OmpF, E1 lacked OmpF and had normal expression of OmpC, E2 expressed low levels of both OmpC and OmpF and E25 had low levels of expression of OmpC but lacked OmpF. The mRNA levels for ompC and ompF were found to be 15-to 20-fold less in isolates E2 and E25 compared with the carbapenem-susceptible E. cloacae NCTC 10005 reference strain. All the isolates retained the normal level of expression of OmpA. These patterns correlated to the levels of carbapenem resistance: thus, E11 and E24, which lacked both porins, had high-level carbapenem resistance, as did E25, which had a KPC enzyme; in contrast, isolates E1 and E2, with less pronounced resistance, expressed moderate amounts of at least one of these non-specific major porins.
Sequence analysis identified point mutations and IS, disrupting the coding sequence of ompC and ompF genes in isolates E1, E11 and E24, whereas point mutations were identified in the promoter region of ompF in E24 and E25 isolates (Table 4 ). E. aerogenes. Isolates E15 and E17 lacked both Omp35 and Omp36. Sequencing revealed that omp36 was inactivated by a frameshift produced by a 1 bp deletion in E17 and by a point mutation in E15, creating premature stop codons (Table 4) . A 1021 bp fragment of the omp35-coding sequence was amplified by PCR. Sequencing of this identified a premature stop codon in the product from E15 but a wild-type sequence in that from isolate E17. The absence of Omp35 in the outer membrane of isolate E17 therefore may reflect mutational alterations in the unamplified sequences of the ORF or down-regulation at the transcriptional or translational levels. Numbers between parentheses correspond to the nucleotide positions of insertions; þ and 2 indicate the position, upstream and downstream, of the A of the start codon.
Premature stop codon numbers correspond to amino acid position.
Pr and ISn indicate mutation in the promoter region and the presence of insertion sequences, respectively. 
Complementation studies
To elucidate the respective contributions of b-lactamases and porin loss to resistance phenotypes, competent cells of eight K. pneumoniae isolates were prepared and transformed with plasmid pTRompK36 (we failed to obtain competent cells from isolate K6 despite several attempts). The restoration of functional OmpK36 resulted in significant decreases in the MICs of all three carbapenems for all eight isolates where transformants were obtained (Table 5) . Ertapenem MICs were reduced from 8 to .16 mg/L to 0.25 -2 mg/L and those of imipenem and meropenem were reduced to ,1 mg/L. SDS-PAGE analysis confirmed that the missing OmpK36 was restored in all transformants, but in variable expression levels; isolates for which ertapenem MICs were reduced to 1 -2 mg/L, subsequent to transformation with pTRompK36, expressed less OmpK36 than transformants with greater reductions in ertapenem MICs (data not shown).
The addition of clavulanic acid (4 mg/L) resulted in further reduction of carbapenem MICs, especially for ertapenem (1-to 5-doubling-dilutions reduction in MIC), underscoring the contribution of ESBL activity, even in the presence of functional porins. Six of these isolates were also transformed with pTRompK35, causing significant MIC reductions for carbapenems as did pTRompK36 (Table 5) . Thus, restoration to full function of either of the two non-specific porins reinstated susceptibility to carbapenems. The complementation experiments with pTRompK35 failed to increase susceptibility to carbapenems in isolates K3 and K21, which had no identified mutation in their ompK35 gene. OMPs extraction from both transformants showed no detectable expression levels of OmpK35, suggesting possible inhibition at the translation level in these isolates.
Restoration of either functional OmpC or OmpF by introducing pTRompC or pTRompF into E. cloacae E11 and E24 considerably decreased all carbapenem MICs, indicating that the expression of either porin alone was sufficient to allow rapid entry of these antibiotics ( Table 5 ). The derepressed ampC expression in E1 and E11, and the KPC-4 carbapenemase in E25, contributed to increasing the MICs of carbapenems, notably that of ertapenem. When comparing isolates E11 and E24 (both of which lacked OmpF and OmpC), the overexpression of AmpC in E11 (but not E24) resulted in slightly higher MICs of all carbapenems, and the contribution of this enzyme was confirmed for the E11/pTRompC transformant by the addition of boronic acid, 100 mg/L, which resulted in an 8-fold decrease in the ertapenem MIC.
Complementation of E. aerogenes E15 isolate with pTRompC resulted in significant reduction of carbapenem MICs, just as for the E. cloacae isolates, indicating cross-species function.
Discussion
Resistance among Enterobacteriaceae to expanded-spectrum cephalosporins is a serious and growing clinical problem, leading to an increased reliance on carbapenems. Acquired carbapenem resistance is still rare among Enterobacteriaceae but can arise due to the presence of carbapenemases such as KPC types, or via combinations of reduced permeability with an ESBL or a strongly expressed AmpC enzyme.
In this study, we examined: (i) the genetic relationships among ertapenem-resistant Klebsiella and Enterobacter spp. isolates referred to the UK reference laboratory; and (ii) their mechanisms of resistance. PFGE data indicated that the ertapenem-resistant clinical isolates did not belong to disseminated national clones and synergy studies with PAbN contraindicated efflux as a major component in resistance. Furthermore, no up-regulation of the AcrAB RND efflux pump was detected in any of the ertapenem-resistant isolates tested. Thus, although increased efflux has been reported to be involved in ertapenem resistance in clinical isolates, 6 our results would suggest that it is not a frequent or major contributor in Klebsiella and Enterobacter spp. Rather, the combination of impermeability with ESBLs, AmpC or, in just one case, a KPC enzyme seemed critical.
The absence or reduced expression of the two major porins (OmpK35 and OmpK36 in K. pneumoniae, 21, 22 OmpC and OmpF in E. cloacae and E. coli or Omp35 and Omp36 in E. aerogenes 5, 23, 24 ) in combination with various b-lactamases has been implicated in carbapenem resistance by previous authors, and the present data support their conclusions. We then went to investigate the basis of porin loss, which was found to be the result of: (i) point mutations or, more frequently, insertional interruptions in the coding sequences, leading to premature translational termination; (ii) point mutations in the promoter region, possibly affecting transcription; or (iii) unidentified mechanisms working at the translational level or to prevent porin insertion into the outer membrane. In this last case there was an intact porin gene and an mRNA transcript, but there was no porin in the outer membrane (e.g. isolates K3 and K21).
The diversity of lesions observed suggests the absence of mutational hot spots as origins of porin inactivation. Rather, different ISs including IS1, IS5, IS26, IS102 and IS903-as found here-have been reported as a cause for porin alterations. 25 Multiple copies of these ISs may be present in the chromosome, and their transposition to sites in porin genes may be selected under antibiotic pressure. The present study indicated that a loss of two major porins was required for high level (MICs 16 mg/L) resistance to ertapenem in both genera and that, for a strain lacking both porins, complementation with either porin alone decreased the MICs of the three carbapenems significantly. Ertapenem MICs were variably reduced in transformants (range 0.25-2 mg/L), correlating with different expression levels of the plasmid porin-encoding genes used for complementation, possibly due to variation in the regulation at the transcriptional or translational levels between the studied isolates. The difference between the types of lesions disrupting the major porin genes in the same isolates suggests that these disruptions are the results of separate events. It should be noted here that many ESBL-producing K. pneumoniae already lack OmpK35, reported to be the major porin through which ceftazidime penetrates the Gram-negative outer membrane. 22, 26 In conclusion, ertapenem resistance in clinical isolates of Klebsiella spp. and Enterobacter spp. was not the result of dissemination of national clones in the UK but rather reflected repeated independent emergence in different strains. Mechanistically, this resistance was associated with porin deficiency in combination with b-lactamase expression, with a variety of deletion, point mutation, insertional inactivation and unknown mechanisms leading to the loss of porin expression. The fact that ertapenem is more affected than other carbapenems by this mechanism may reflect slower penetration through the minor porins that must take over when major porins are lost, and may perhaps be contingent on its larger size and more negative charge. 26 Although the prevalence of isolates with these mechanisms is still extremely low, their occurrence deserves careful monitoring; not least because such phenotypes have recently also been reported among E. coli, 5 the main target species for ertapenem. Careful antibiotic usage is required so as to minimize the new selection of this mode of resistance and, in this context, it is notable that although ertapenem is the most-affected carbapenem, there are reports of selection by all three commercially available carbapenems. 3, 27 
